P
reterm birth (<37 gestational weeks) complicates 1 in 10 pregnancies worldwide. 1, 2 Countries where neonatal intensive care is accessible have had large increases in survival over past decades, including among extremely preterm infants (<28 weeks). In the early 1970s, 80% died during the first month of life, and survivors faced high risks of severe morbidity. Today, survival is 70% to 80%, and a majority of these infants are free from disability in later life. [3] [4] [5] [6] There are indications that development of the cardiovascular, renal, and autonomic nervous systems may be affected by preterm birth, [7] [8] [9] [10] [11] [12] and risks of stroke and death from cardiovascular disease are increased in some 13, 14 but not all 15 cohorts of adults who were born preterm. Earlier studies showed that blood pressure (BP) is already elevated in adolescence and adulthood after preterm birth. [16] [17] [18] Data from survivors in more recent cohorts of extremely preterm infants are scarce. 11, 19 Continued studies of BP development after extremely preterm birth are important because survivors today are even more immature 20 and have health outcomes that may be poorer than those of their peers born later in pregnancy. 13, 18, 21 The potentially more vulnerable cardiovascular and renal systems of infants born extremely preterm could also be more susceptible to altered developmental trajectories, with longstanding BP elevation already starting in early childhood. We previously showed an increased risk of elevated and hypertensive BP at 2.5 years of age in a regional cohort of survivors of extremely preterm birth. 22 Hypothesizing that this risk of elevated BP persists into school age, we extended this follow-up study to half of Sweden. We investigated BP at 6.5 years of age in a prospective population-based cohort of survivors of preterm birth at <27 gestational weeks who were born in [2004] [2005] [2006] [2007] . In addition to comparing BPs of children born extremely preterm with those of children born at term, our aim was to evaluate effect size, sex differences, and any dose-response relationship with gestational age and contributions from other perinatal risk factors.
Methods
Participants EXPRESS (Extremely Preterm Infants in Sweden Study) included all pregnant women residing in Sweden and delivering infants before 27 weeks of gestation from April 1, 2004 , to March 31, 2007 . Detailed characteristics of this prospectively collected population-based cohort and data on survival, 3 neonatal morbidity, 23 and neurodevelopmental 6 and vascular outcomes 12 were reported previously.
All EXPRESS children were invited to a comprehensive followup study at age 6.5 years AE3 months. Of the 7 regions engaged, 3 regions-Lund, Stockholm, and Ume a-conducted cardiovascular and lung function assessments including BP measurements, in addition to neurodevelopmental testing. Of the 494 survivors in the EXPRESS cohort, 262 (51%) were from these 3 regions.
Exclusion criteria were congenital cardiovascular or pulmonary malformations or ongoing cardiovascular or lung disease at assessment age. A flow chart of inclusions and exclusions is shown in Figure. There were no significant differences between those participating in the study and those lost to follow-up regarding mean gestational age at birth (25.4 versus 25.3 weeks, P=0.13), mean birth weight (785 versus 769 g, P=0.15), or sex distribution (45% versus 50% female, P=0.39). We did not have access to any data at 6.5 years of age for those lost to follow-up.
Using the Swedish Medical Birth Register held at the National Board of Health and Welfare, each child born preterm was matched with a healthy control child born at term (control) and with the same sex, date of birth, hospital, residency, and mother's country of birth. A pool of 10 controls for each preterm participant was randomly selected from the Swedish Medical Birth Register. Invitations were sent until 1 control child for each preterm child agreed to participate. If all invited control candidates declined and the list of eligible children was depleted, the controls were listed as missing (n=4; see figure 1 in Mohlkert et al 12 ).
BP Measurements
Standard operating procedures were used for BP measurements. The participating child and family were asked before arrival not to reveal their assigned experimental group to the research nurses, who were blinded. Families were scheduled to attend in the morning. Each participant's medical history, parents' smoking status, and medical history including family history of cerebrovascular stroke, myocardial infarction, and coronary bypass surgery in parents or grandparents were obtained using a questionnaire. At arrival, height and weight as well as head and waist circumferences were measured with the child undressed to light clothing without shoes. Body mass index (BMI) was calculated as weight in kilograms divided by height in square meters, and body surface area was calculated according to Haycock. 24 After 15 minutes of calm adaptation to the investigation room and while the children were seated in a chair or a parent's lap, a validated oscillometric device (Omron HEM 907; Omron Healthcare, Kyoto, Japan) was used to measure systolic BP (SBP) and diastolic BP (DBP) and heart rate in the right arm with an appropriate cuff size covering twothirds of the upper arm. Three consecutive measurements were obtained in 329 of 343 participants (96%); it was possible to measure BP twice in 8 of 343 (2.3%) and once in 6 of 343 (1.7%). No BP measurement was obtained in 5 participants (all preterm), and they were excluded from the analyses. Measurements were taken with at least 2-minutes intervals, without turning the machine off between the measurements, and mean values were calculated. In addition to the 343 of 348 children with at least 1 BP recorded, heart rate was measured in 341, and they were included in the analyses.
SBP and DBP z scores were calculated using age-, sex-, and height-adjusted BP nomograms for children. 25 Age-and sexadjusted z scores for current height were calculated in STATA using the World Health Organization growth reference data from 2007 for ages 5 to 19 years (http://www.who.int/grow thref/en/).
Clinical Perspective
What Is New?
• In a population-based cohort study of 6-year-old children born at 22 to 26 weeks of gestation, we show that participants born extremely preterm have higher blood pressures than controls born at term, but their blood pressure levels are normal.
What Are the Clinical Implications?
• Although our findings are reassuring for the growing population of children born at the limits of viability, we recommend that blood pressure is measured in children and adults born preterm at every health visit for early detection of developing hypertension.
The EXPRESS cohort register provided maternal and perinatal data. 
Statistical Methods
The distribution of continuous variables was assessed with the Shapiro-Wilk test. DBPs and heart rate were not normally distributed; therefore, the Mann-Whitney U test was used to test for group differences between children born extremely preterm and controls. The Pearson v 2 test was used to test for group differences in proportions; when numbers were <10, the Fisher exact test was used. For examining determinants of BP in the whole sample (n=343), we used linear stepwise regression with backward selection of the following covariates: extremely preterm/term status, heart rate, BMI, sex, maternal education, and maternal smoking in pregnancy, using a P value cutoff of 0.15 for inclusion in the model. In the final regression models, possible clustering of data was taken into account by using a mixedeffects linear model (mixed in STATA) with examination center (Stockholm, Lund, and Ume a) as the random-effects variable. For each group-extremely preterm (EXPT) and control (CTRL) -we also calculated and compared the proportions of children with SBP or DBP in the hypertensive range defined as BP >90th percentile for age, height, and sex. 25 Within the EXPT group (n=171), the determinants of BP were investigated in the same way. We explored maternal factors (education, maternal age, parity, smoking during pregnancy), obstetric factors (antenatal corticosteroids, preeclampsia, and placental abruption), and infant factors: small for gestational age (defined as a birth weight <2 SD below the mean birth weight for gestational age and sex according to intrauterine growth curves 26 intraventricular hemorrhage grade ≥3, and cystic periventricular leukomalacia. Covariates with P<0.15 for either SBP or DBP z scores in the EXPT group were entered into a stepwise model together with BMI, sex, and heart rate. The final model included gestational length, small for gestational age status, and the child's sex, BMI and heart rate at follow-up and was analyzed in a mixed-effects linear model with SBP or DBP z scores as dependent variables and examination center as the random-effects variable. The sample size permitted 80% power to detect an estimated difference in SBP of 0.3 SD.
Results
Maternal, obstetric, and infant characteristics of the 2 groups are presented in Table 1 . The proportion of EXPT-group mothers who had university education was lower compared with CTRL-group mothers, and the proportion of EXPT-group mothers who smoked during pregnancy was higher, although low in both groups. There was no difference in family history of cardiovascular disease between the groups (Table 1) .
At 6.5 years of age, children in the EXPT group were significantly lighter and shorter and had lower BMI than those in the CTRL group (Table 2) . Crude SBP and DBP did not differ between the 2 groups, but after taking height into account, z scores for both SBP and DBP were higher in the EXPT group than in the CTRL group (Table 3) . When restricting the analyses to BP measurements 2 and 3 in the 329 participants who had all 3 measurements, the median SBP z scores were 0.09 ((interquartile range [IQR]): À0.34 to 0.59) in the EXPT group and À0.07 (IQR: À0.57 to 0.40) in the CTRL group (P=0.026). The corresponding DBP z scores were À0.06 (IQR: À0.41 to 0.28) for EXPT and À0.29 (IQR: À0.71 to 0.21) for CTRL (P=0.002). Resting heart rate was higher for EXPT than CTRL participants (Table 3) .
After stratification by sex, group differences in SBP and DBP z scores and in heart rate were confined to boys, whereas girls in the EXPT group did not exhibit any statistically significant differences in BP or heart rate compared with girls born at term (Table 4) . However, CTRL girls had higher SBP z scores than CTRL boys (P=0.002; Table 4 ), and DBP z scores were higher for both EXPT and CTRL girls compared with EXPT and CTRL boys (P=0.02 for comparison between EXPT girls and boys, and P=0.005 for comparison between CTRL girls and boys; Table 4 ).
Using a P-value cutoff of 0.15 for inclusion in the final regression model, maternal education and smoking in pregnancy were excluded (P=0.51 and P=0.85, respectively). In the final multivariate regression analyses with SBP or DBP as dependent outcomes, the adjusted regression coefficients for being born extremely preterm compared with at term were of the same magnitude as the regression coefficients for 10-bpm higher heart rate, or %2 to 4 times higher than the effect on SBP or DBP from a 1-U increase in BMI (Table 5) .
Within the EXPT group, we found no significant associations of maternal education, smoking in pregnancy, preeclampsia, use of antenatal or postnatal corticosteroids, or neonatal morbidity with BP at 6.5 years of age. In the final regression model, shorter gestation, higher heart rate, and higher BMI at follow-up were independently associated with SBP or DBP (Table 6 ). For each week-longer gestation, SBP (P=0.08) and DBP (P=0.02) decreased by %0.1 SD in children born extremely preterm. 
Discussion
We report that 6.5-year-old children who were born extremely preterm have higher SBP and DBP than children born at term, that DBP was %0.1 SD lower for every 1-week increase in gestational age, and that perinatal morbidity was not associated with BP at 6.5 years of age. In addition, office heart rate was 3 bpm higher in children born extremely preterm than in children born at term. Part of this population-based cohort (68 survivors of extremely preterm birth) had BP measured at 2.5 years of age. 22 Because of small numbers and differential follow-up (among both index and control participants) at 6 years of age, we refrained from statistical testing of our longitudinal data. We note, however, that group differences in BP were already present at 2.5 years of age. 22 We found slightly higher BP in children born extremely preterm. Because tracking of BP from childhood to adulthood has been reported to be strong, 27 ,28 a small difference in early childhood may become larger later in life. In a previous population-based cohort study, BP at 6 and 11 years of age did not differ between those born extremely preterm or at term. 19, 29 In adolescence and at young adult age, however, several studies including a systematic review reported up to 2-to 4-mm Hg higher SBP and DBP in people who were born preterm. 7, 11, 16, 18, [30] [31] [32] Although this increase in BP may seem small at an individual level, increasing the mean BP in a population by 2 to 5 mm Hg may have significant effects on the numbers who will have hypertension 33 and later stroke or ischemic heart disease. [34] [35] [36] Given that a dose-response relationship exists with gestational age 18, 32, 33 and that the association between preterm birth and elevated BP has been found to be independent of shared familial factors 18 and intrauterine growth restriction, 30, 31, 37 there may be a causal relationship.
The mechanisms by which BP levels or control appear to be compromised in children and young adults who were born preterm are not yet fully understood. Possible contributing factors include impaired morphological development of glomeruli and fewer nephrons on the basis of interrupted kidney development resulting in smaller kidneys, 9, 38 microvascular growth arrest and rarefaction building up peripheral vascular resistance, 7, 39, 40 and sympathoadrenal overactivity. 8, 41 As long as the underlying mechanisms remain ambiguous, early interventions will be difficult to design. Interestingly, preterm infants randomized to breast milk instead of formula had significantly lower BP at follow-up 16 years after the intervention, 42 indicating that early nutritional factors may play a role. In our cohort, follow-up at 2.5 22 and 6 years of age showed larger BP elevation in boys born extremely preterm than in girls compared with their same-sex controls. Whether or not Data are median (interquartile range) or n (%). CTRL indicates control group (children born at term); DBP, diastolic blood pressure; EXPT, extremely preterm group; SBP, systolic blood pressure. *According to pediatric blood pressure nomograms by age, sex and height. 25 this is a legacy of increased neonatal morbidity in boys born extremely preterm 43 or relates to other early sex differences remains to be clarified. Supporting the latter is the fact that CTRL girls had higher SBP and DBP z scores than CTRL boys, and EXPT girls had higher DBP z scores than EXPT boys. Follow-up in adolescence and adult life after preterm birth has shown elevated BP in those born extremely preterm, without any sex differences.
11,31
Our data could not confirm that being small for gestational age at birth is a perinatal risk factor for high BP in children born extremely preterm. Over a life-course perspective, being born small for gestational age has been considered to be more harmful in terms of risk of hypertension than preterm birth. 44, 45 However, life-course studies of historic perinatal cohorts may be biased by selective survival among those born preterm and do not contain today's survivors born after extremely short gestations. Our present and previous 18 results indicate that in addition to being born preterm, being small for gestational age at birth (ie, showing signs of fetal growth restriction) is not an added perinatal risk factor for high BP in follow-up of participants born preterm.
Perinatal risk factors such as antenatal corticosteroid therapy and severe neonatal morbidity were not associated with BP at 6 years of age. The long-term safety of antenatal corticosteroid therapy regarding BP was documented previously. 46 The lack of an association between severe neonatal morbidity and later BP also indicates that increased BP after preterm birth may reflect a developmental origin rather than the end result of strikes from perinatal morbidity. The strengths of our study include the population-based and controlled design. The control group was chosen to avoid selection bias, and we note that the BPs in our control group are similar to those in a recently published normative BP standard for Swedish children. 47 Gestational age was estimated by ultrasound in practically all pregnancies, limiting the risk of misclassification. The follow-up time was 6 years, and we enrolled a comparatively large number of childhood survivors after birth at 22 to 26 weeks of gestation. BPs were measured in a standardized way, and the research nurse was blinded to group assignments. BP z scores were calculated according to established BP nomograms for use in children. Although the follow-up rate was 70%, dropout analysis did not indicate any selection bias. Some limitations exist. We only measured office BPs and not 24-hours ambulatory BP, although the results of such measurements have been similar to those reported in this study. 30, 48 We did not record why some invited CTRL candidates declined to participate. Small numbers in some of the subgroup analyses limit our possibility to draw conclusions about the effects of maternal smoking as a potential confounder of the association between preterm birth and later BP. This may affect the generalizability of the results to other countries where maternal smoking in pregnancy is more common than in Sweden. The reason for slightly increased BP remains to be clarified; in particular, genetic and renal factors warrant further investigation.
Perspectives
Six-year-old children who were born extremely preterm have slightly higher BP than their peers born at term. The most obvious clinical implication of our findings is to systematically measure BP at follow-up of older children and young adults who were born extremely preterm. Hypertension at age 30 years increases the lifetime risk of cardiovascular disease by 40%. 36 
